The aim of this work was to examine whether carbohydrates are involved in signalling N deficiency through source:sink imbalance. Photosynthetic metabolism in tobacco was studied over 8 d during the withdrawal of N from previously N-sufficient plants in which the source:sink ratio was manipulated by shading leaves on some of the plants. In N-sufficient plants over this timescale, there was a small decline in photosynthetic rate, Rubisco protein and amino acid content, with a larger decrease in carbohydrate content. Withdrawal of N from the growing medium induced a large decrease in the rate of photosynthesis (35% reduction after 8 d under the growing conditions, with a reduction also apparent at high and low measuring CO 2 ), which was caused by a large decrease in the amount of Rubisco protein (62% after 8 d) and Rubisco activity. Higher amounts of hexoses preceded the loss of photosynthetic activity and sucrose and starch accumulation. Reduction of the source:sink ratio by shading prevented the loss of photosynthetic activity and the increase in hexoses and other carbohydrates. These data indicate that the reduction of photosynthesis that accompanies N deficiency in intact plants has the characteristics of sugar repression of photosynthesis observed in model systems, but that the accumulation of hexose prior to the decline in photosynthesis is small. The possibility that sugar repression of photosynthesis under physiological conditions depends more crucially on the C:N status of leaves than the carbohydrate status alone is discussed.
INTRODUCTION
There has been much recent work on the relationships between carbohydrate levels in leaves and photosynthetic rate. This has culminated in observations that photosynthe-sis genes are sugar-repressible and that sugar repression of photosynthesis probably represents a global mechanism for the regulation of photosynthetic rate in response to demand from sinks (Jang & Sheen 1994) . This information has been gained using different experimental systems, including cooling/shading of different parts of the plant (Bagnall, King & Farquhar 1988; Paul, Driscoll & Lawlor 1992) , carbohydrate feeding to detached leaves (Krapp, Quick & Stitt 1991) and cell suspension cultures (Schafer, Simper & Hofman 1992) , cold-girdling to prevent carbohydrate export from leaves (Krapp & Stitt 1995) and transient expression analysis in mesophyll protoplasts (Sheen 1990) .
We lack, however, a full understanding of the significance of sugar repression in intact plants in different physiological conditions. This is important not only to gauge the significance of this phenomenon, but also to dispel doubts that the level of elevated carbohydrate induced in model systems is artificially high, leading to exaggerated or erroneous effects. The physiological analyses that do exist, which are mainly on photosynthetic acclimation to elevated CO 2 , have provided contradictory data: sometimes elevated carbohydrate correlates with photosynthetic down-regulation, and sometimes not (Bowes 1991; Long 1991; Stitt 1991; Gifford 1992) . This is probably because response to and utilization of carbohydrate depend crucially on other factors, such as genotype (Sage, Sharkey & Seemann 1989; Woodrow 1994) , developmental stage (Kovtun & Daie 1995) and environment (Gifford 1992; Tyree & Alexander 1993) . One important factor is the level of N supply, and it has been suggested that higher carbohydrate levels associated with low N availability may result in feedback inhibition of photosynthesis (Thornsteinsson, Tillberg & Tillberg 1987; Arp 1991; Gifford 1992) , although such feedback inhibition has not always been found to occur (Sage, Sharkey & Pearcy 1990) .
To establish a mechanistic basis for the involvement of carbohydrate in the decrease of photosynthesis during N deficiency, N was withdrawn from the growing medium of previously N-sufficient plants. At the same time, to examine the interaction with leaf carbohydrate levels, the source:sink ratio of some of the plants was reduced by shading leaves. Our data demonstrate that the response of photosynthesis to the early effects of N deficiency is almost identical to the response of photosynthesis to elevated carbohydrate in model experimental systems and where photosynthetic capacity is reduced at elevated CO 2 . As the increase in hexose content is small (1·4-fold), similar to that seen in sugar-repressed leaves at elevated CO 2 (van Oosten, Wilkins & Besford 1994; van Oosten & Besford 1995) , we suggest that sugar repression in physiological systems may depend more crucially on the C:N balance of leaves, rather than on the carbohydrate status alone. This would provide a basis for explaining some of the contradictions in the literature.
MATERIAL AND METHODS

Plant material
Tobacco (Nicotiana tabacum) seeds were sown on filter paper and transferred to Bedfordshire silver sand (Joseph Arnold, Leighton Buzzard, UK) when 10 d old and grown in a controlled-environment cabinet providing 600 µmol photons m -2 s -1 , a 14 h photoperiod and a constant temperature of 25°C with 70% relative humidity. Plants were watered daily with complete nutrient medium containing (final concentrations): 2 mol m -3 NH 4 NO 3 , 3 mol m -3 KH 2 PO 4 , 1 mol m -3 MgSO 4 , 1 mol m -3 CaSO 4 , 20 mmol m -3 Fe-EDTA (ethylene-diaminetetra-acetic acid), 50 mmol m -3 KCl, 25 mmol m -3 H 3 BO 3 , 2 mmol m -3 MnSO 4 , 2 mmol m -3 ZnSO 4 , 0·5 mmol m -3 CuSO 4 and 0·5 mmol m -3 H 2 MoO 4 . The experimental period began when plants were 5 weeks old. On day 1 of this period, a set of baseline measurements were made on the plants and then the sand growing medium of some of the plants was flushed with nutrient medium lacking NH 4 NO 3 . These plants were irrigated daily with N-deficient nutrient solution from then on. In order to manipulate source: sink ratio, leaves on some of the plants were shaded. Five-week-old plants had two pairs of large source leaves, below three to four smaller developing leaves, above which were three to four very small leaves at the apex of the plant. All of these leaves were shaded apart from one of the second pair of large source leaves. Aluminium foil and black cotton cloth were used to shade the plants. The unshaded leaf was sampled throughout the 8 d experiment. The experiment was performed on three separate occasions. The data presented are those obtained on the third occasion, which confirm the results of the first two experiments. Samples were taken from 12 N-deficient plants, six of which were shaded, six unshaded. Samples were also taken from plants that continued to receive complete nutrition.
Measurement of photosynthesis
Rates of net photosynthesis were measured in the laboratory at the start of the photoperiod under the conditions in which the plants had been grown (600 µmol photons m -2 s -1 , 350 µmol CO 2 mol -1 , 25°C, 70% relative humidity and 1 kPa vapour pressure deficit). One set of measurements were conducted using a range of CO 2 concentrations from 0 to 600 µmol CO 2 mol -1 , with the other variables the same. Measurements were carried out using a six-chamber open-circuit gas exchange system with automatic data handling. The partial pressure of CO 2 was controlled by a gas blender (Signal Instruments Co., Croydon, UK) and measured with an infrared gas analyser Mark 3 (ADC, Hoddesdon, UK). The humidity of the air before and after passage over the leaf was determined with capacitance sensors (Vaisala, Helsinki, Finland). All measurements were made on 10 cm 2 areas of leaves attached to plants in leaf chambers with forced ventilation. The flow rate of gas was 9 cm 3 s -1 . The CO 2 concentration within the leaf (C i ) was calculated as in von Caemmerer & Farquhar (1981) . Leaves were allowed to equilibrate to conditions within the chambers for 30 min prior to measurement.
Biochemical measurements
Leaf samples for carbohydrate analysis were taken at the end of the night and 7 h into the photoperiod using a cork borer. Discs were extracted in 100 mol m -3 imidazole buffer, pH 6·9, boiled immediately and then frozen until analysis. Glucose, fructose and sucrose were measured through the reduction of NADP by glucose-6-phosphate dehydrogenase after the sequential addition of hexokinase, phosphoglucose isomerase and invertase (Jones, Outlaw & Lowry 1977) . The method was adapted for use on an ELISA plate, using reduced volumes and an ELISA reader to measure absorbance changes. Starch was measured after breakdown of starch to glucose in the insoluble pellet using α-amylase and amyloglucosidase (Sonnewald et al. 1991) following extraction of soluble components from leaf discs. The glucose was then measured as above. Samples for analysis of photosynthetic intermediates were freezeclamped during the middle of the photoperiod using tongs with aluminium clamps pre-cooled in liquid N 2 . Extraction was in trichloroacetic acid/diethyl ether (Weiner, Heldt & Stitt 1987 ) and metabolites were assayed as in Stitt et al. (1989) .
Amino acids were measured after chloroform/methanol extraction according to Stitt et al. (1983) using a mixture of ninhydrin in ethanol (18 g in 500 cm 3 ) and SnCl 2 in 0·2 kmol m -3 Na-citrate (0·8 g in 500 cm 3 ) prepared on the day of use. Aliquots of leaf extract were added to the mix and heated at 85°C for 15 min, and the absorbance was measured at 578 nm. Amino acid content was related to a standard curve of 0-140 nmol glutamate. Chlorophyll was measured in 80% (v/v) acetone according to Arnon (1949) .
Measurement of Rubisco activity and amount and PRK activity
To determine Rubisco and PRK (phosphoribulokinase) activities, leaf samples were freeze-clamped as above in the light during the middle of the photoperiod under the growing conditions described. Extraction of leaf tissue and measurement of initial and maximum activities of Rubisco were determined as in Parry et al. (1993) . Rubisco protein content was measured by ELISA, using monoclonal rabbit antisera raised against wheat Rubisco and developed with a goat anti-rabbit IgG peroxidase conjugate. The method was calibrated with purified tobacco Rubisco. Maximum activities of PRK were measured as in Kagawa (1982) .
RESULTS
Rates of CO 2 assimilation
Rates of CO 2 assimilation measured under the growing conditions were relatively stable during the first 3 d of N withdrawal (Fig. 1a) . In unshaded N-deficient plants, CO 2 assimilation rates were 25% lower by day 6 and 36% lower by day 8. In N-deficient plants with lowered source:sink ratio and in N-sufficient controls, rates of CO 2 assimilation changed little throughout the course of the experiment. Measurements of photosynthesis on day 6 were also performed at different CO 2 concentrations and an 'A/C i ' curve was constructed (Fig. 1b) . The 'A/C i ' data demonstrate lower rates of photosynthesis at low and high CO 2 in unshaded N-deficient plants in comparison to plants with reduced source:sink ratio, and hence Rubisco-limited photosynthesis.
Amounts of carbohydrate and amino acids
Amounts of glucose, fructose, sucrose and starch were measured in leaves at the start of, and 7 h into, the 14 h photoperiod (Figs 2a-d) . In N-sufficient plants and in shaded N-deficient plants, amounts of carbohydrate in leaves, particularly hexoses, decreased during the 8 d experimental period. N withdrawal in unshaded plants, however, resulted in more carbon being retained within leaves during day 3, manifested as fructose at the start of the photoperiod (Fig. 2b ) and fructose and glucose by the middle of the photoperiod (Figs 2a & b) . This preceded any significant reduction in photosynthetic rate (Fig. 1a) . In unshaded N-deficient plants, daytime levels of sucrose remained very stable throughout the experiment and sucrose accumulation during the photoperiod did not exceed that in shaded or in N-sufficient plants (Fig. 2c) , but there was an increase in nighttime sucrose, indicative of less export; the accumulation of starch increased by day 6 (Fig. 2d ). Only 53% of assimilated carbon was exported from unshaded N-deficient leaves by day 6, compared to 84% in N-sufficient plants (Table 1) . By day 8 in unshaded N-deficient plants, the proportion of assimilated carbon that was exported rose back to control levels. This readjustment in the proportion of export was due to the large reduction in photosynthetic rate.
Amounts of amino acids fell 3-fold over the course of the experiment in unshaded N-deficient plants (Fig. 2e ). The rate of decline was reduced somewhat by shading and was less in N-sufficient plants. The hexose:amino acid ratio rose significantly in unshaded N-deficient plants, but not in shaded plants or N-sufficient controls (Fig. 2f ).
Rubisco, chlorophyll and phosphoribulokinase
Amounts and activities of Rubisco did not change during the first 3 d of the experiment, but by day 6 there was a large decrease in Rubisco protein and activities in unshaded Ndeficient plants (Figs 3a & b) . Total activities fell more than initial activities. The Rubisco activation state was therefore greater in N-deficient plants (Fig. 3b ). There were small decreases in amounts of chlorophyll and activities of PRK during the course of the experiment (Figs 3c & d) .
Amounts of metabolites
On day 6, unshaded N-deficient plants had higher amounts of RuBP, with only small effects on 3-PGA (Table 2) . Consequently, there was an increase in the ratio of RuBP/3-PGA. Amounts of G6P were also higher relative to F6P in unshaded N-deficient plants.
DISCUSSION
N deficiency alters the source:sink balance
Nitrogen deficiency alters the source:sink balance of plants, in that use of carbon skeletons in N assimilation and growth is restricted. Amino acid content declines ( Fig. 2e ) and less carbon is consumed and exported from source leaves for N Figure 1 . Effect of N withdrawal over 8 d on rates of photosynthesis (µmol CO 2 m -2 s -1 ) in unshaded plants (l), shaded plants (q) and N-sufficient controls (n): (a) under the growing conditions (600 µmol photons m -2 s -1 , ambient CO 2 and 25°C) and (b) at a range of internal CO 2 (C i ) concentrations on day 6 (n = 6). assimilation and growth (Table 1) . Accordingly, leaf carbohydrate content increases (Figs 2a-d) . The rate of photosynthesis then declines (Fig. 1a) , which re-establishes some measure of equilibrium between photosynthesis and carbon utilization (Table 1) .
Photosynthesis in N-deficient leaves is sugarrepressed
In plants where the source:sink ratio had already been adjusted artificially by shading some of the leaves, there was no increase in carbohydrate content and no loss of photosynthetic activity. This implies that the accumulation of carbohydrate in unshaded N-deficient leaves which occurred prior to the reduction in photosynthetic rate is responsible for the loss of photosynthetic activity. Furthermore, the increase in carbohydrate content in unshaded N-deficient plants occurred against a background of declining carbohydrate content in N-sufficient plants. The reduction in photosynthesis was Rubisco-limited due to a large reduction in Rubisco protein content. The Rubisco activation state increased slightly (Figs 3a &   Figure 2 . Effects of N withdrawal over 8 d on amounts of carbohydrate (mmol hexose equivalents m -2 ) measured at the start of the photoperiod (broken lines, night) and 7 h into a photoperiod (full lines, day) in unshaded plants (l), shaded plants (q) and N-sufficient controls (n): (a) glucose, (b) fructose, (c) sucrose, (d) starch, (e) amino acids, and (f) hexose: amino acids (n = 6). b), the ratio of RuBP:3-PGA increased, the hexose phosphate content increased (Table 2) , and a higher hexose content preceded the reduction in photosynthetic rate. These are all features of sugar repression of photosynthesis as seen in model systems (Krapp & Stitt 1995) and where photosynthesis is down-regulated at elevated CO 2 (van Oosten et al. 1994) . Therefore, sugar repression appears to be a mechanism that leads to the reallocation of resources caused by the source:sink imbalance imposed by deficient N. If the source:sink balance had been further from equilibrium due to elevated CO 2 , then effects induced by low N may have been more marked. This would explain the predisposition of N-limited plants to down-regulation at elevated CO 2 (Pettersson & MacDonald 1994) . With time, the one-sided Rubisco limitation of photosynthesis would probably be replaced by a more balanced limitation as amounts of other photosynthetic components declined (Evans 1989; Krapp & Stitt 1995) .
Sugar repression in model systems and physiological significance
Nitrogen is an important limiting factor in the environment, and in rapidly growing vegetation, N will quickly become deficient. Consequently, sugar repression of pho- tosynthesis already has widespread physiological significance even before CO 2 levels double during the next century. Increases in the leaf hexose content induced in model systems are large and have clear-cut effects. In cold-girdling experiments, for example, increases of up to 10-fold were achieved (Krapp & Stitt 1995) . In our experiments and in those reported at elevated CO 2 (van Oosten et al. 1994 ) the increase in hexose content that precedes the mobilization of Rubisco is significant, but small (less than 2-fold in both cases). The effects are still clear-cut and consistent with observations in model systems, but the question has to be asked whether such a small increase in hexose content on its own can cause such a large adaptive response. At low temperature (Holaday et al. 1992 ) and low phosphate (Paul & Stitt 1993) , high endogenous hexose does not induce sugar repression. Presumably, other factors are modulating the perception or the transduction of the high-carbohydrate signal, and, as in other adaptive responses, it is likely that more than one trigger is involved. As sugar repression results in mobilization of N stored in Rubisco and its redistribution to other parts of the plant (Paul & Stitt 1993) , it is possible that components of N metabolism as well as carbohydrate status are involved in signalling source:sink imbalance. Sugar repression may occur only when mobilization of Rubisco can redress this underlying limitation. This would explain lack of down-regulation with P deficiency and at low temperature, where, although C is high, N is not deficient and limiting. In our experiments, the correlation between the hexose:amino acid ratio and loss of photosynthetic activity was stronger than that between loss of photosynthetic activity and hexose content per se. (Figs 2e & f) . It is possible that in physiological systems sugar repression depends more crucially on the C:N ratio in leaves than on the carbohydrate status alone.
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